The purpose of this study was to determine left ventricular activation, dispersion of refractoriness, and total recovery time in patients with coronary artery disease and ventricular tachycardia and in patients with the long QT syndrome and to compare these patients with a group of normal patients. Left The purpose of this study was to determine the normal dispersion of local refractory periods and total recovery time in patients with a normal left ventricle and without history of arrhythmia and to compare with the normal group the left ventricular dispersion of refractoriness and total recovery time in patients with coronary artery disease and ventricular tachycardia and in patients with the long QT syndrome.
The purpose of this study was to determine left ventricular activation, dispersion of refractoriness, and total recovery time in patients with coronary artery disease and ventricular tachycardia and in patients with the long QT syndrome and to compare these patients with a group of normal patients. Left ventricular endocardial catheter mapping and left ventricular refractory period determination were performed in 18 patients. Group 1 consisted of seven patients with no heart disease and no arrhythmia; group Catheter mapping studies were performed according to previously described methods. 13 with electrodes having a 10-mm interelectrode distance at variable gain. The onset of the QRS complex taken from three simultaneous surface leads was used as a zero point of reference to determine activation times. The local activation time at each site was taken as the point on the electrogram at which the highest amplitude rapid deflection crossed the baseline. 16 In instances in which the local electrogram was fractionated and had no discrete deflection greater than 1 mV in amplitude, the point where the rapid deflection of the highest amplitude component of the electrogram crossed the baseline was used as the local activation time. In instances where the highest amplitude deflection did not cross the baseline, the component of the highest amplitude deflection with the greatest slope was used as the local activation time. Refractory Period Determination Ventricular effective refractory periods were determined at each left ventricular site with bipolar stimulation at two times diastolic threshold. Refractory periods were determined after an eight-beat drive at a cycle length of 600 msec. At least two refractory period determinations were made at each site to ensure reproducibility. Refractory periods Analysis was performed with one-way analysis of variance with p less than 0.05 considered significant. Results 
QT Interval
The corrected QT interval was longer in patients with coronary artery disease and ventricular tachycardia (group 2) (422 +40 msec) (mean+ SD) than in patients with no heart disease and no arrhythmia (group 1) (380±22 msec), but this difference was not significant. The corrected QT interval in patients with the long QT syndrome (group 3) was 528±31 msec and was significantly longer than in group 1 (p<0.001) and group 2 (p<0.005).
Control Group
Total left ventricular endocardial activation time was a mean of 34±9 msec in group Table 2 .
Discussion

Background
Potential mechanisms of ventricular tachyarrhythmias include triggered activity, enhanced automaticity, and reentry. [17] [18] [19] [20] These mechanisms are influenced by a number of factors including the clinical presentation of the arrhythmia, underlying heart disease of the patient, morphological characteristics of the tachycardia, and the response of the tachy- Note that in this patient the wide dispersion of total recovery time is due mostly to prolonged total endocardial activation (64 msec). Dispersion of refractoriness is similar to the normal patient in Figure 2 (40 msec).
ization process to further characterize the substrate of ventricular arrhythmias. Normal Heart and No Arrhythmia Our data on duration of endocardial activation are similar to those reported by Durrer et a127 and consistent with those previously reported from our laboratory with the same mapping techniques in a separate group of patients. 16 This study is an attempt to determine the normal range of refractory periods at a large number of left ventricular sites with programmed stimulation. Wellens et a128 reported the dispersion of refractory periods measured at six right and left ventricular sites in a patient with the long QT syndrome, and they reported this to be 35 msec. Monophasic action potentials have been used as a measure of repolarization in the right and left ventricles; however, refractory period determinations have not been reported, and the number of sites was far more limited. 29 We believe the concept of "total recovery time" is important and may not be adequately addressed in other studies. Previous investigators have used the term "'nonuniform recovery of excitability" and have looked at only local refractory periods or action potential duration in determining this variable. 1, 3, 8 In our study, we defined total recovery time at each left ventricular site as the sum of the local activation time (relative to the onset of the surface QRS complex) and the refractory period determined at that site. As shown in Figure 2 , it is only after this interval of time that a given site can be activated again. For instance, site 4 is activated at 30 msec and has a refractory period of 235 msec; thus, site 4 can only be activated again 265 msec after the onset of the initial QRS complex. Thus, the ability of a given left ventricular site to be reactivated at any point in time is dependent on two factors: its activation time relative to the QRS complex; and the refractory period at that site. In the normal human heart, activation of the left ventricle is relatively uniform (within about 34 msec) and is followed by relatively uniform refractory periods, a difference of only 40 msec between the shortest and longest refractory period.
With these definitions, the dispersion of total recovery time is a manifestation of uniform or nonuniform recovery of excitability. A diagrammatic representation of this is presented in Figure 2 . The dispersion of total recovery times in this patient is the difference between the earliest site activated and the fully recovered (site 5) and the latest site activated and the fully recovered (site 12). Clearly, from this figure, total recovery times are dependent not only on local refractory periods but also on local activation times. The earliest site of activation, therefore, may not be the earliest site fully recovered because its local refractory period may be longer than the refractory period at a site activated later with a shorter refractory period. Our data suggest that in the normal left ventricle in a patient without a history of ventricular arrhythmia the dispersion of total recovery times is about 50 msec.
Coronary Artery Disease and Ventricular Tachycardia
There are several studies indicating that the surface QRS complex and the QT interval of patients suffering from myocardial infraction increase in duration after infarction and that these changes may be associated with increased risk of arrhythmias and sudden death.30-32 Data with the signalaveraged electrocardiogram also suggest a relation between the duration of the signal-averaged QRS complex and arrhythmic events after infraction. 33 Extrapolation from such data indicates that abnormalities of ventricular activation and repolarization after myocardial infarction may play a role in the development of ventricular arrhythmias.
We have previously shown that patients with myocardial infarction and ventricular tachycardia have prolonged endocardial activation times compared with a normal group. 34 The present study population also had significantly longer total endocardial activation times than the control group; however, there was no significant diference between the two groups regarding dispersion of refractoriness.
Analysis of Figure 3 , a diagrammatic representation of activation and recovery time in a patient with coronary artery disease and ventricular tachycardia, shows that despite relatively normal dispersion of left ventricular refractoriness, this patient does have significantly greater dispersion of total recovery time than the control group. The figure shows that in this population, dispersion of total recovery time is increased relative to the normal group (90 vs. 52 msec) as a function of prolonged endocardial activation time (75 vs. 34 msec) rather than an increase in the dispersion of local refractoriness (see Table 1 ).
Thus, based on our data, patients with coronary artery disease and ventricular tachycardia (manifested clinically and induced with programmed stimulation) demonstrate abnormal recovery of excitability in the left ventricle. The major contribution to this nonuniform recovery of excitability is an abnormality of activation rather than repolarization as measured by local refractory periods. Long Analysis of Figure 4 shows that dispersion of total recovery time was markedly increased in this population compared with the normal group. However, as opposed to the patients with coronary artery disease and ventricular tachycardia, total recovery time in patients with the long QT interval was prolonged as a result of a wide dispersion of local refractory periods in the setting of normal endocardial activation times.
Of interest, our patients with a prolonged QT interval and history of ventricular arrhythmias did not have ventricular tachycardia or ventricular fibrillation induced by standard techniques of ventricular stimulation, a finding consistent with other studies. The absence of inducibility by programmed stimulation indicates that these arrhythmias are probably not due to reentry. Recent studies have focused on early afterdepolarizations as a possible mechanism of arrhythmias in this syndrome.37,38 Based on our data, we are unable to comment on the relation between the wide dispersion of refractoriness in this group of patients and the mechanism of arrhythmia in the long QT syndrome. The commonly held implication is that a wide dispersion of refractoriness is characteristic of reentry. Our data do not support this because those patients with arrhythmias that are most certainly reentrant (i.e., sustained ventricular tachycardia due to coronary artery disease) exhibit a "normal" dispersion of refractoriness. The abnormalities of conduction thus appear more important for inducibility. It should be emphasized that we used dispersion of refractoriness and total recovery time only to characterize the " substrate" or "markers" present in these patient groups. Studies with mapping at higher densities may show that localized dispersion of refractoriness is critical to reentry; however, this was not possible in our study. The actual role of these markers in the mechanism of tachycardia is not established.
Limitations
There are several important limitations to our study. Despite having evaluated endocardial activation times and refractory period determinations at two to three times as many sites as previous investigators, we still recognize that this represents a limited number of left ventricular sites. Although we have demonstrated significant differences among the three patient groups studied, the role of these differences in the genesis of arrhythmias has not been addressed. Of importance, the size of a reentrant circuit or a "site" of increased automaticity or triggered activity has not been established. Thus, the concept of "local" activation and "local" refractory periods must be kept in perspective. We have analyzed our data at adjacent left ventricular sites in an attempt to look at local differences; however, because our mapping sites represent a relatively large endocardial area, this attempt at identifying local differences is obviously crude when compared with the more precise mapping techniques used by the "cellular" electrophysiologist. If more sites were studied, further differences possibly would be demonstrated. However, this cannot be reliably and reproducibly done in the clinical electrophysiology laboratory at the present time. Further studies with high-density mapping and refractory period determinations performed in the operating room may be more fruitful. Rather than comment on a particular role that the abnormalities of activation and recovery may play, we present this data as part of the arrhythmogenic physiological substrate in each group.
The reproducibility of activation times and refractory period determinations also is limited with standard mapping techniques. Certainly, refractory periods may vary, depending on such factors as the autonomic nervous system. This may especially be relevant in studying patients with the long QT syndrome. However, all refractory periods were measured multiple times to ensure reproducibility, and our laboratory has the greatest experience in activation mapping by catheter.
Finally, we should point out, again, the limitations of catheter mapping in general. These include the accuracy of sites sampled, limited number of sites sampled, and the determination of local activation times when analyzing abnormal electrograms.
Regarding activation, it should be noted that activation times were determined during sinus rhythm. These would obviously be different after premature depolarizations. Thus, dispersion of total recovery times would be different after premature beats. This is important because premature beats are important in both the clinical initiation of ventricular arrhythmias and the induction of arrhythmias by programmed stimulation. Despite these limitations, we should point out that the same techniques were applied to all three patient groups and that the significant differences presented stand firm.
Conclusion
From this data, we conclude that 1) compared with patients with a normal left ventricle and without ventricular arrhythmias, patients with the long QT syndrome have greater dispersion of total left ventricular recovery time that is predominantly due to a wide dispersion of local refractory periods; 2) patients with coronary artery disease and ventricular tachycardia have a greater degree of dispersion of total recovery time than normal patients; however, this is due to a wide dispersion of activation times rather than refractoriness; and 3) potentially arrhythmogenic nonuniform recovery of excitability in the left ventricle may be due to dispersion of refractoriness or activation times depending on the pathophysiological substrate.
